Astrocytic tumor is the most prevalent primary brain tumor. However, the role of cell surface carbohydrates in astrocytic tumor invasion is not known. In a previous study, we showed that polysialic acid facilitates astrocytic tumor invasion and thereby tumor progression. Here, we examined the role of HNK-1 glycan in astrocytic tumor invasion. A Kaplan-Meier analysis of 45 patients revealed that higher HNK-1 expression levels were positively associated with increased survival of patients. To determine the role of HNK-1 glycan, we transfected C6 glioma cells, which lack HNK-1 glycan expression, with β1,3-glucuronyltransferase-P cDNA, generating HNK-1-positive cells. When these cells were injected into the mouse brain, the resultant tumors were 60% smaller than tumors emerging from injection of the mock-transfected HNK-1-negative C6 cells. HNK-1-positive C6 cells also grew more slowly than mock-transfected C6 cells in anchorage-dependent and anchorage-independent assays. C6-HNK-1 cells migrated well after treatment of anti-β1 integrin antibody, whereas the same treatment inhibited cell migration of mock-transfected C6 cells. Similarly, α-dystroglycan containing HNK-1 glycan is different from those containing the laminin-binding glycans, supporting the above conclusion that C6-HNK-1 cells migrate independently from β1-integrinmediated signaling. Moreover, HNK-1-positive cells exhibited attenuated activation of ERK 1/2 compared with mock-transfected C6 cells, whereas focal adhesion kinase activation was equivalent in both cell types. Overall, these results indicate that HNK-1 glycan functions as a tumor suppressor.
Introduction
HNK-1 glycan is a glucuronylated and sulfated carbohydrate expressed in a cell typespecific manner (1) . HNK-1 glycan was originally characterized as an epitope recognized by a monoclonal antibody raised against human natural killer cells (2) . The structure of HNK-1 glycan-positive glycolipid was identified as SO 3 →glucuronic acid β1→3Galβ1→4GlcNAcβ1→3 Galβ1→4Glcβ1→ceramide (3) . HNK-1 glycan SO 3 →3GlcAβ1→3Gal is unique and is expressed on both glycolipids (4, 5) , N-glycans, and O-glycans (1, (6) (7) (8) . HNK-1 glycans have been found on several cell adhesion molecules, including the neural cell adhesion molecule (NCAM), 3 myelin-associated glycoprotein, contactin, P0, GluR2, RPTPβ, and CD24 (9) (10) (11) (12) (13) (14) . In humans and rats, HNK-1 glycan is found on migrating neural crest cells, cerebellar neurons, Schwann cells, and myelinated motor neurons. Neurite outgrowth of mouse motor neurons is facilitated by an HNK-1 glycolipid substratum. Similarly, neurite outgrowth is inhibited by HNK-1 glycan but not by non-sulfated HNK-1 precursor glycan (15, 16) . These results indicate that sulfated HNK-1 glycan plays a critical role in cell-cell interaction and in cell migration.
HNK-1 glycan is sequentially synthesized by two enzymes. The β1,3-glucuronyltransferase 1 (GlcAT-P, B3gat1) add β1,3-linked glucuronic acid (GlcA) to galactose (17) , followed by addition of 3-sulfate to GlcA by the HNK-1 sulfotransferase (HNK-1ST, Chst10) (18, 19) . It was reported that mice deficient in β4-galactosyltransferase II express drastically reduced HNK-1 glycan levels and exhibit learning and memory impairment (20) . These results are consistent with previous reports that HNK-1 sulfotransferase-or β-glucuronyltransferase-deficient mice exhibit learning impairments (21, 22) . It was also reported that expression of the glucuronylated precursor, GlcAβ1→3Galβ1→4GlcNAcβ1→R, may be sufficient to stimulate the migration of cerebellar granule neurons (21) (22) (23) .
Expression of HNK-1 glycan is thought to vary during embryonic development, and the levels of HNK-1 have been examined in primary cancer and metastatic tumors. In neural tumors, the polylactosamine repeat containing HNK-1 glycan, SO 3 →GlcAβ1→3Galβ1→4GlcNAcβ1→4Glcβ1→Cer was the prominent form of glycolipid capped by HNK-1 glycan (24) . HNK-1 glycan was also detected in small cell bladder carcinoma (25) and Ewing's sarcoma (26) . In cutaneous malignant melanoma, metastatic cells distant from the primary tumor express HNK-1 glycan, as does the primary tumor. By contrast, HNK-1 glycan was not detected in lymph node metastasis of cutaneous melanoma (22, 27) . These results suggest that HNK-1 glycan expression may be regulated by the tumor microenvironment.
Among adult primary brain tumors, astrocytic tumor, including glioblastoma, is the most prevalent. Although there are reports of HNK-1 expression in glioma (28, 29) , its role has not been extensively investigated. Here, we report that HNK-1 glycan expression is inversely correlated with astrocytic tumor aggressiveness in human patients. We then generated HNK-1 glycan-positive C6 glioma cells and found that C6-HNK-1 cells migrate more slowly in the presence of a laminin fragment than parental HNK-1-negative C6 cells. C6-HNK-1 cells implanted into mouse brain formed smaller tumors than HNK-1-negative parental C6 cells. Moreover, HNK-1-positive C6 cells grew more slowly and formed smaller colonies in anchorage-dependent and anchorageindependent growth conditions. This activity was associated with decreased activation of ERK kinase, but not with focal adhesion kinase (FAK), indicating that HNK-1 glycan functions as a tumor suppressor for astrocytic tumor.
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EXPERIMENTAL PROCEDURES Patient Immunohistochemistry and Survival Study
Formalin-fixed and paraffin-embedded tissue blocks of astrocytic tumors from 43 patients, whose prognoses were followed for at least for 5 years after surgical resection of the tumor at Shinshu University Hospital, Matsumoto, Japan, were retrieved from the pathology file of the same hospital. According to the World Health Organization classification (30) , tumors included pilocytic astrocytoma (four cases), diffuse astrocytoma (eight cases), anaplastic astrocytoma (16 cases), and glioblastoma (17 cases). In each patient, a representative portion of tumor was examined. All tissue samples were fixed in 20% formalin buffered with 0.1 m phosphate buffer (pH7.4) at room temperature for 48 h and then embedded in paraffin. The experimental protocol was approved by the Ethical Committee of Shinshu University School of Medicine.
Expression of HNK-1 in astrocytic tumors was analyzed by immunohistochemistry using anti-HNK-1 antibody (mouse IgM) and Envision+ secondary antibody (Dako) as described previously (31) . Counterstaining was carried out using hematoxylin. A control immunostaining was performed by omitting the primary antibody from the staining procedure, and no specific staining was found. Results of the immunostaining were scored based on the ratio of the number of immunoreactive cells to the number of examined total tumor cells, irrespective of staining intensity; i.e. negative (−, no positive cells), weak (+, less than one-third of tumor cells positive), moderate (++, less than two-thirds of tumor cells positive), or strong (+++, more than two-thirds of tumor cells positive). The scoring data were collected blindly without knowing tumor grade and the patients' survival period. The association between HNK-1 expression and tumor grade was statistically analyzed by Pearson test using JMP 7 software (SAS, Cary, NC). In addition, Kaplan-Meier analyses for HNK-1 expression and patients' five-year survival were carried out by log-rank test with the same software. p values < 0.05 were considered statistically significant.
Intracranial Injection of C6 Cells
Control C6 cells and HNK-1-positive clone G14 and H1 cells were inoculated into the striatum of 8-week-old wild-type C57BL/6 male mice or C57BL/6 nude mice, as described previously (31) . Subconfluent cells were cultured in 10% FBS-supplemented alpha modification of Eagle's minimum essential medium, harvested, and suspended in PBS, and then 4.8 × 10 4 cells were injected with a Hamilton syringe into the left striatum using a stereotaxic frame. Three weeks later, the brains were isolated and fixed in 4% paraformaldehyde. Frozen or paraffin sections were prepared from tumor-bearing specimens (+ 0.1~+1.2 mm anterior to the bregma), stained with anti-vimentin antibody to detect the tumor (31) , and visualized by two methods, HRP-conjugated secondary antibody with 3,3′-diaminobenzidine or fluorescein-conjugated secondary antibody. Fluorescent images were assembled as a montage on Deneba Canvas 8.0 software. Relative tumor area versus total brain area was calculated by densitometry using ImageJ software and shown as a percentage with S.E. Eight mice were injected in a set of experiments repeated two to three times. In total, C6, G14, and H1 cells were injected into 29, 26, and 17 mice, respectively. A representative set of experiment is shown in 
Cell Migration Assay
A cell migration assay was performed using the Boyden chamber cell culture insert system in a 24-well format (BD Biosciences) (32, 33) following the manufacturer's protocol. The bottom surface of the insert membrane was coated with 10 μg/ml mouse laminin-111 (Invitrogen) or human fibronectin (Sigma) overnight at 4 °C. The bottom chamber was filled with serum-free alpha modification of Eagle's minimum essential medium, the protein-coated insert was placed in chambers, and 1.25 × 10 5 cells were applied on top of the insert. Cells were allowed to migrate for 20 h, and cells migrating to the bottom surface of the filter were visualized with 0.5% crystal violet and photographed under a microscope. Three to four fields per membrane and two membranes per each condition were evaluated. Cell numbers were counted manually using the Tally counter on Adobe Photoshop images. The counting error was assumed to be less than 10% when cell numbers exceeded 1000. The experiments were repeated two to five times for each condition.
Blocking antibodies such as HNK-1, β1-integrin antibodies, or laminin E3 peptide were mixed at a concentration of either 10 or 30 μg/ml, as indicated, with the cell suspension for 10 min prior to application. Cells were allowed to migrate in the antibody mixture. Mouse IgG solution (Sigma-Aldrich) or boiled HNK-1 antibody was used as a control.
Cell Proliferation Assay
In 6-well plates, 5 × 10 4 cells were plated on cover glasses that were collected every 24 h for 6 days, stained with Hoechst 33342 (Sigma) to detect nuclei or anti-NCAM antibody to visualize the cell surface, and photographed under a fluorescence microscope. The number of nuclei per field was counted by Tally counter.
Anchorage-independent Colony Formation Assay
Monodispersed C6, G14, and H1 cells (n = 20,000) were mixed with prewarmed 10% FBS-supplemented alpha modification of Eagle's minimum essential medium, containing 0.375% top agar and layered on 0.5% base agar in the same medium in 35-mm dishes (32, 34) . Cells were cultured for 4 weeks at 37 °C in 5% CO 2 , fixed with 4% paraformaldehyde, and visualized with 0.005% crystal violet. Colonies were photographed under a light microscope (Olympus DX50) with ×40 magnification, and colony areas larger than 0.01 mm 2 were measured by ImageJ software. Six fields per dish and three to four dishes per condition were prepared, and the experiments were repeated four times.
Details on cells and antibodies, HNK-1 overexpression in C6 cells, RT-PCR, immunoblot analysis, laminin overlay, the cell binding assay, and the microglia cytotoxicity assay are described in the supplemental information.
RESULTS

HNK-1 Glycan Expression Is Inversely Correlated with Progression of Human Astrocytic Tumors
Immunohistochemistry using anti-HNK-1 monoclonal antibody demonstrated that almost all brain tissues free from cancer cells were positive for HNK-1 glycan (Fig. 1) . Representative staining of glioblastoma-negative (−) and weakly positive (+) for HNK-1 glycan, anaplastic astrocytoma moderately positive (++), and pilocytic astrocytoma strongly positive (+++) are shown (Fig. 1, A-D) . HNK-1 glycan was detected on the surface of neurons and in the neuropil (Fig. 1E) . It was also detected along the cytoplasmic process and in the cell body of tumor cells in 21 (46.6%) of 45 patients examined (Fig. 1C) . Notably, moderate to strong expression of HNK-1 in tumor cells was seen in all of 12 patients with less aggressive tumors, such as pilocytic astrocytoma and diffuse astrocytoma. By contrast, in more aggressive forms of astrocytic tumors, six (37.5%) of 16 cases with anaplastic astrocytoma and four (23.5%) of 17 cases with glioblastoma were negative or weakly positive for HNK-1 (Fig. 1G) . Interestingly, expression of HNK-1 in the tumor cells in the invasive front was less than those in the central portion of the tumor in 50% of glioblastoma patients (supplemental Fig. S1 ). 
Expression of HNK-1 in Astrocytic Tumors and Prognosis of Glioma Patients
To determine the relationship between HNK-1 expression in astrocytic tumors and patient prognosis, the five-year survival of 45 patients was statistically analyzed using Kaplan-Meier curves. HNK-1 expression was positively associated with better survival with statistical significance (p = 0.00581 by log-rank test) (Fig. 1H) . This correlation was observed regardless of the type of astrocytic tumor.
Establishment of C6 Glioma Cells Expressing HNK-1 Glycan
To directly evaluate the role of HNK-1 glycan, we first established C6 glioma cells expressing HNK-1 glycan by transfection with cDNA encoding GlcAT-P. C6 glioma cells express endogenous HNK-1ST but not GlcAT-P. Consequently, GlcAT-P cDNA transfection enabled expression of HNK-1 glycan on transfected cells (Fig. 2, A-C) . It is noteworthy that other cells, such as COS cells also lack GlcAT-P and are negative for expression of HNK-1 glycan (Fig. 2, A-C) . Between two HNK-1-positive clones, G14 and H1, the amount of HNK-1 expression was slightly more in H1 than G14. No difference in the proteins carrying HNK-1 was observed in G14 and H1 clones (Fig.  2D) . Transfected C6 cells displayed HNK-1 glycans on several glycoproteins, including NCAM, but not on β1 integrin (Fig. 2D) . A protein around 90 kD (Fig. 2D, arrowhead) might be myelin-associated glycoprotein (35) . Although HNK-1 glycan is likely attached to glycolipids, we did not characterize those in this work. 
Tumor Invasion of C6 Glioma Cells Expressing HNK-1 Glycan
Parental or mock-transfected C6 glioma cells barely express HNK-1 glycan or polysialic acid, thus allowing us to determine the effect of HNK-1 glycan on tumor cell invasion independent of polysialic acid. Mock-transfected C6 and C6-HNK-1 cells were inoculated into the striatum of C57BL/6 mice, as described previously (31) . Mocktransfected C6 cells were highly invasive and spread almost exclusively in the same hemisphere of the brain where they were inoculated. The size of tumors formed by HNK1-positive H1 and G14 cells was much smaller than tumors formed by control C6 cells, a statistically significant finding (Fig. 3, A and B) . To evaluate whether differences in tumor growth may differ in different host mice, C6 cells were inoculated into nude mice. C6-HNK-1 cells again produced smaller tumors than did mocktransfected C6 cells (Fig. 3C) . Consistently, a proliferation marker Ki67 was detected much less in HNK-1 glycan-positive cells than the mock-transfected cells (Fig. 4A) . These results indicate that HNK-1 glycans on C6 glioma cells attenuate tumor growth. HNK-1 expression, however, had a minimal effect on apoptosis (Fig. 4B ). 
HNK-1-positive C6 Cells Migrate More Slowly on the Laminin E3 Fragment
HNK-1 is reportedly a ligand for laminin (36) . To elucidate whether HNK-1 expression affects C6 cell migration, migration of mock-transfected C6 and C6-HNK-1 cells was assayed using a Boyden chamber. When laminin was coated in the bottom surface of the chamber, C6-HNK-1 cells migrated slightly more slowly than did mock-transfected C6 cells (Fig. 5, A and C) . On the other hand, C6-HNK-1 cells migrated slightly faster than control C6 cells toward fibronectin (Fig. 5, A, B, and D) . These migrations were stopped by adding laminin protein or fibronectin to the upper chamber (Fig. 5A) . We then added a laminin E3 fragment to the upper chamber. E3 binds various proteins, including α-dystroglycan modified with unique glycans, and binding of E3 to α-dystroglycan reduces cell migration (32, 37) . C6-HNK-1 cells migrated more slowly on the E3 fragment than C6 cells in a dose-dependent manner, suggesting that HNK-1 is recognized by E3 (Fig. 5B) . Indeed, C6-HNK-1 cells bound much more to laminin and the E3 fragment than mock-transfected C6 cells (supplemental Fig. S2 ). To determine how HNK-1 glycan alters cell migration on laminin, cells were pretreated with anti-HNK-1 glycan antibody or anti-β1 integrin antibody. Anti-HNK-1 antibody efficiently inhibited migration of C6-NHK-1 but not mock-transfected C6 cells (Fig.  5C) . Surprisingly, anti-β1 integrin antibody had no effect on C6-HNK-1 migration, whereas the same antibody significantly inhibited migration of parental C6 cells (Fig.  5D) (38) . These results suggest that migration of C6-HNK-1 cells is facilitated by interaction of laminin and HNK-1 glycan but is independent of β1 integrin-mediated migration signals. Because HNK-1 glycan is attached to many glycoproteins (Fig. 2D) , the binding of anti-HNK-1 glycan antibody apparently inhibits the migration signal exhibited by these proteins. Hyaluronic acid is also abundant in brain, thus we tested the migration of C6 cells on hyaluronic acid. Although the hyaluronic acid facilitates C6-HNK-1 cell migration, the migration was observed only in a very high concentration of hyaluronic acid (supplemental Fig. S3 ), indicating that hyaluronic acid is likely a minor adhesion molecule for C6 and C6-HNK-1 cells.
To determine whether HNK-1 glycans are recognized by microglial cells, which are the major cytotoxic cells of the brain immune system (39, 40), we incubated C6 or C6-HNK-1 cells with BV2 microglial cells that had been stimulated with either IFN-γ or LPS (40) . The number of lysed cells did not differ between the two cell types (supplemental Fig. S4 ), excluding the possibility that C6-HNK1 cells are more sensitive to cytolysis by microglial cells than parental cells.
HNK-1 Glycan and Laminin-binding Glycans Are Attached to α-Dystroglycan
The α-dystroglycan in brain is suggested to carry two kinds of glycans, laminin-binding glycan and HNK-1 (7). We reported previously that laminin-binding glycan is a strong tumor suppressor inhibiting integrin-mediated migration signaling in prostate cancer (32) . The above results suggest that C6 cells expressing HNK-1 glycan enhance laminin-binding, possibly by adding to the terminal of laminin-binding glycans. C6 cells expressed endogenous α-dystroglycan, which is weakly modified by laminin-binding glycan (IIH6 antibody-reactive) and that glycan modification was enhanced by transfection of LARGE (supplemental Fig. S5, A-C) . HNK-1 was also positive on α-dystroglycan immunoprecipitated from G14 cell lysate upon immunoblot analysis (supplemental Fig. S6B ). We then expressed α-dystroglycan-IgG·Fc chimeric protein in C6 and G14 cells, and α-dystroglycan-IgG·Fc purified from culture supernatant was subjected to immunoblot analysis. First, we found that the majority of HNK-1 glycan is attached to α-dystroglycan-IgG·Fc with a molecular mass of approximately 102 kDa and 135 kDa (Fig. 6A) , similar to α-dystroglycan in the mouse brain (41) . In cotransfection of LARGE, released α-dystroglycan is shifted to heterogeneous and larger molecules with a molecular mass of approximately 150 to > 250 kDa (Fig. 6, A and B,  right lanes) . The molecular weight of α-dystroglycan in the presence of LARGE was, however, not increased by addition of HNK-1 glycan (Fig. 6, A and B) . These results suggest that the presence of HNK-1 glycan does not contribute to the elongation of glycans synthesized by LARGE but rather inhibit it. The laminin overlay result shows that laminin binds to α-dystroglycan-Fc produced in G14 cells slightly more than that in C6 and in the presence of LARGE much more significantly than those produced in the absence of LARGE (Fig. 6C) . It has been shown that laminin binds to LARGEsynthesized glycans on α-dystroglycan and that this interaction attenuates β1-integrinmediated migration (32) . It has also been demonstrated that treatment with IIH6 antibody, which recognizes laminin-binding glycans on α-dystroglycan, enhances cell migration, as this antibody neutralizes interactions between laminin and glycans on α-dystroglycan (32). Indeed, both mock-transfected C6 and C6-HNK-1 cells migrated faster after IIH6 antibody treatment (Fig. 6D) . On the other hand, anti-β1 integrinantibody treatment did not reduce cell migration of C6-HNK-1 cells, although HNK-1 glycan is not capped on β1-integrin of C6-HNK-1 cells (Figs. 2D and and55D) . Overall, these findings show that HNK-1 glycan changes cell migration properties by a mechanism different from that described in previous reports of the laminin-binding glycans and integrin (32) . 
C6-HNK-1 Cells Proliferate More Slowly Than Do Mock-transfected C6 Cells
We then asked if proliferation of mock-transfected C6 and C6-HNK-1 cells differed. Cell counting analysis showed that C6-HNK1 cells proliferate more slowly than do mock-transfected C6 cells when cultured on plates (Fig. 7A) . Moreover, C6-HNK1 cells produced much smaller colonies in agar than did mock-transfected C6 cells (Fig. 7B) . These results combined indicate that HNK-1 glycan expression decreases proliferation in both anchorage-dependent and -independent conditions. Interestingly, similar results were obtained from a different human astrocytic tumor cell line, U87. HNK-1 positive clones of U87, clones 2 and 10, proliferated slower than mock-transfected control U87 cells (supplemental Fig. S6 ), suggesting a common mechanism involving HNK-1 attenuated proliferation of these astrocytoma cell lines, C6 and U87. To determine how HNK-1 glycan affects downstream signaling, phosphorylation of ERK1/2 and FAK upon laminin-111 stimulation was measured. FAK phosphorylation was essentially equivalent in C6-HNK-1 cells and mock-transfected cells (Fig. 8B) . By contrast, phosphorylation of ERK1/2 was significantly attenuated in C6-HNK1 cells compared with mock-transfected C6 cells (Fig. 8A) . Consistent with smaller colony formation by H1 clone, ERK1/2 activation was even weaker by H1 than G14 (Fig. 8A) . Because ERK1/2 activation reflects signaling governing cell migration and proliferation, these results indicate that expression of HNK-1 glycan specifically attenuates MAP kinase signaling, resulting in reduced cell migration and proliferation in vitro and in vivo. These results are consistent with the finding that tumors formed by C6 cells expressing HNK-1 glycans are smaller than tumors formed by the mocktransfected C6 cells. 
DISCUSSION
This study demonstrates that HNK-1 glycan is expressed in normal adult brain and that its expression is decreased in patients with aggressive forms of astrocytic tumors, such as anaplastic astrocytoma and glioblastoma. This finding is consistent with the recent report that glioblastoma stem cell (GSC11) up-regulates GlcAT when the cells are differentiated and decreases tumorigenesis (42) . A Kaplan-Meier analysis showed that the five-year survival rate of the patients expressing significant amounts of HNK-1 glycan was high. Notably, this correlation is observed regardless of histological grade of astrocytic tumor. Previously, it was reported that polysialic acid expression is highly correlated with a poor prognosis of astrocytoma (31, (43) (44) (45) . These combined results indicate that HNK-1 glycan expression is an efficient and favorable prognosis marker for patients with astrocytoma.
We observed a dramatic difference in tumor growth between C6-HNK-1 and C6 mocktransfected cells when these lines were inoculated into mouse brain. This difference may be due to several factors. When we assayed migration and invasion of C6-HNK-1 and control cells, C6-HNK-1 cells migrated and invaded slightly more slowly than did C6-mock cells on laminin. Notably, this decrease was observed more clearly when the laminin E3 fragment was used in the assay. Previously, we reported that laminin E3 fragment suppressed prostate and breast carcinoma migration because of binding to the laminin-binding glycans of α-dystroglycan expressed in these cells (32) . Indeed, we found that C6 glioma cells endogenously express α-dystroglycan, although the lamininbinding glycans are only moderately expressed on C6 cells. Our study revealed that C6-HNK1 cells bind more efficiently to laminin than do mock-transfected C6 cells. However, laminin-binding glycans on C6 cells still attenuate C6 cell migration regardless of HNK-1 because IIH6 antibody, which neutralizes laminin-binding to α-dystroglycan, increased cell migration of both cell lines.
In this study, we identified a specific suppressive role of HNK-1 glycans in lamininmediated MAP kinase ERK1/2 phosphorylation but not FAK phosphorylation. FAK and ERK phosphorylation play critical roles in extracellular matrix-induced cell adhesion, migration, and proliferation processes related to integrin pathways (46) . FAK is directly linked to integrin, whereas ERK is rather downstream, closer to the control of cell proliferation. The observation that laminin-111-and fibronectin-mediated cell migration of mock-transfected C6 cells was completely inhibited by anti-β1 integrin is consistent with previous reports that β1 is the dominant integrin receptor for laminin-111 and fibronectin (32, 47, 48) . In contrast, C6-HNK-1 cell migration was not altered by anti-β1 integrin antibody. Because HNK-1 is not attached to β1 integrin (Fig. 2D) , anti-β1 integrin antibody should not interfere with the function of β1 integrin in C6-HNK-1 cells. More likely, HNK-1-fibronectin interaction (supplemental Fig. S2 ) bypassed inhibition of integrin signaling. It is also possible that recognition of HNK-1 glycan by laminin attenuates the signaling mediated by β1 integrin, similar to the way that the binding of laminin to the laminin-binding glycans of α-dystroglycan inhibits the β1 integrin-mediated signaling, as shown previously (32) .
In conclusion, we have shown that HNK-1 glycan expression leads to reduced cell proliferation, indicating that HNK-1 glycan functions as a tumor suppressor. Further studies are necessary to determine the molecular mechanism and whether overexpression of HNK-1 glycan can reduce cell proliferation and thereby antagonize tumor growth in vivo.
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